Introduction
============

Various pathologic stimuli have been shown to induce ventricular remodelling. These include myocardial infarction, chronic pressure overload (*e.g.* systemic arterial hypertension), chronic volume overload (*e.g.* valvular regurgitation), idiopathic dilated cardiomyopathy and inflammatory heart muscle disease (*e.g.* myocarditis) \[[@b1]\]. In addition, growing evidence has shown that endothelin, angiotensin II (AngII) and tumour necrosis factor-α (TNF-α) influence ventricular remodelling \[[@b2]\]. Elevated TNF-α levels have been reported to be directly related with functional heart failure \[[@b3]\] and TNF-α mRNA and protein have been shown to be uniformly expressed in failing human hearts \[[@b4]\]. TNF-α infusion in a rat model revealed a time-dependent increase in left ventricular end-diastolic dimension compared to time-matched controls \[[@b5]\]. Moreover, TNF-α transgenic mice, which generate cardiac-specific overexpression of TNF-α, showed four-chamber dilatation, myocyte hypertrophy, extracellular matrix (ECM) remodelling with fibrosis and premature death with a 6-month mortality of 25%\[[@b6]\]. However, there is no published evidence showing the TNF-α can induce chronic ventricular remodelling. Moreover, the molecular mechanism might that mediate TNF-α-induced cardiac remodelling is unclear.

Several mechanisms mediating cardiac and vascular remodelling have been suggested, including redox-sensitive signalling pathways. Despite the presence of many potential sources of reactive oxygen species (ROS), several studies have implicated NADPH oxidase as a major source of ROS \[[@b7]\]. Many stimuli, including AngII, TNF-α, platelet-derived growth factor, phorbol 12-myristate 13-acetate and transforming growth factor-β~1~ (TGF-β~1~) are able to activate NADPH oxidase, leading to cell proliferation, hypertrophy and inflammation of vascular smooth muscle cells, endothelial cells and cardiomyocytes \[[@b8]\]. We previously reported that TNF-α-induced oxidative stress in human aortic smooth muscle cells was mediated by increased activity of NADPH oxidase *via* upregulation of Nox4, but not Nox2 \[[@b9]\]. Another study reported that AngII-induced hypertrophic changes in rat vascular smooth muscle cells were mediated by upregulation of Nox4 \[[@b10]\]. Moreover, a recent study reported that human pulmonary artery smooth muscle cell proliferation induced by TGF-β~1~ was mediated by upregulation of Nox4 \[[@b11]\], suggesting that the Nox4 gene plays a crucial role in vascular cell remodelling.

However, the role of Nox subunits in cardiac remodelling is controversial. A previous study revealed that AngII increased NADPH oxidase activity with hypertrophy of cardiomyocytes in wild-type mice, but not in Nox2^−/−^ mice, suggesting a crucial role of Nox2 in AngII-induced cardiac hypertrophy \[[@b12]\]. Another study demonstrated that aortic constriction increased NADPH oxidase activity with upregulation of both Nox4 mRNA and protein and left ventricular hypertrophy (LVH) in both Nox2^−/−^ and wild-type mice, suggesting a distinct role of Nox4 in response to pressure overload \[[@b13]\]. Interestingly, a recent study of myocardial infarction induced by coronary artery ligation did not show any significant differences of cardiac remodelling between wild-type and Nox2^−/−^ mice, suggesting a compensatory mechanism that produces cardiac oxidative stress in Nox2^−/−^ mice \[[@b14]\].

In this study, we hypothesized that Nox2 and Nox4 play a crucial role, mediating TNF-α-induced ventricular remodelling. Murine TNF-α was injected intravenously into the tail veins of adult Swiss Albino mice and molecular changes of ventricular remodelling examined at different time points. Our study showed that Nox2 and Nox4 sequentially regulate TNF-α-induced ventricular remodelling in mice, mediate TNF-α-induced ROS and upregulation of IL-1β and IL-6 in human adult cardiomyocytes.

Materials and methods
=====================

Animals and experimental design
-------------------------------

Male Swiss Albino mice (7--8 weeks old; 25--30 g in weight) were used for the study. A single dose of murine TNF-α (R&D Systems, Minneapolis, MN, USA) was administered *via* intravenous injection at 8 μg/kg body weight to a group of mice (*n* = 15). An equivalent volume of saline was administered to control mice (*n* = 13) \[[@b15]\]. Echocardiography was performed on 1, 7 and 28 days post-injection (*n* = 4 or 5 in each group). Standard laboratory chow and water were available *ad libitum*. After echocardiographic assessments, mice were sacrificed, hearts removed and stored in liquid nitrogen. Heart and body weights were recorded at all three time points. All protocols and experimental procedures were performed in accordance with the Guidelines for the Care and Use of Research Animals and were approved by the SingHealth Institutional Animal Care and Use Committee.

Cardiomyocytes culture, siRNA transfection and TNF-α treatment
--------------------------------------------------------------

Adult human cardiomyocytes were obtained from PromoCell GmbH (Heidelberg, Germany) and maintained in myocyte growth medium according to the manufacturer's instructions. Cells were used between passage 3 and 6, and at 85--90% confluence.

All small interfering RNA (siRNA) sequences and transfection reagents were purchased from Ambion (Austin, TX, USA). Silencer® Pre-designed siRNA (Nox2 siRNA, ID 3915 and Nox4 siRNA, ID 24766) were used to knock down Nox2 and Nox4 genes in human adult cardiomyocytes, respectively. siRNA sequences were transfected with siPORT Amine (AM4502) according to the manufacturer's instruction. The Silencer® Negative Control siRNA (ID 4618G) was used as a negative control. Cells were sub-cultured in six-well plates and transfection was performed within 24 hrs, followed by treatment with TNF-α (20 ng/ml) for 6 hrs at 37°C, according to previously described methods \[[@b9]\].

Echocardiography
----------------

Echocardiography was performed using GE Vivid 7 with a linear 13 MHz probe (GE VingMed, Horten, Norway) under 1.0--1.5% isoflurane and spontaneous respiration \[[@b16]\]. Two-dimensional guided M-mode echocardiography of the left ventricular at the papillary muscle level was obtained from the short-axis view. Measurements were performed using an offline analysis system (GE EchoPac). The parameters were measured from three consecutive cardiac cycles on the M-mode tracings. Cardiac function was assessed by left ventricular end diastolic (LVEDD) and systolic diameters (LVESD), ejection fraction (EF) and fractional shortening (FS).

Histology
---------

Cryostat sections (5 μm) were prepared to investigate ROS and myocyte hypertrophy in the ventricles of the mice. All measurements were performed on three different randomly chosen fields/sections on at least three serial sections for each animal following the procedures previously described \[[@b17], [@b18]\].

Dihyro-ethidium (DHE; Molecular Probes, Invitrogen, Eugene, OR, USA) was used to evaluate the presence ROS following methods previously described \[[@b17]\]. In the presence of ROS, DHE is oxidized to ethidium bromide, which binds DNA. The fluorescence reaction was carried out by incubating heart sections with DHE (2 × 10^−6^ mol/L) for 30 min at 37°C. Fluorescence intensity in each heart section was normalized with fluorescence intensity detected in the respective control sections and expressed as arbitrary fluorescence units (AFU).

MitoSOX Red (Molecular Probes) was used to examine the presence of mitochondrial ROS following the methods previously described \[[@b19]\]. MitoSOX Red is selectively targeted to the mitochondria. Once in the mitochondria, MitoSOX Red reagent is oxidized by superoxide and exhibits red fluorescence. The fluorescence reaction was carried out by incubating the heart sections with MitoSOX Red (5 μM) for 10 min at 37°C. Fluorescence intensity in each heart section was normalized with fluorescence intensity detected in the respective control sections and expressed as AFU.

A single cardiomyocyte was measured with images captured with haematoxylin and eosin-stained sections of mouse ventricular tissue. The outline of 30--50 myocytes was traced in each section and the cross-sectional area was obtained in a blinded fashion with AxioVs40 V4.7 software (Zeiss, Germany) in a Zeiss Axiovert 200M microscope following the procedures previously described \[[@b20]\].

Immunohistochemistry
--------------------

Alpha-smooth muscle actin (α-SMA) expression in the ventricles was determined following the methods previously described with slight modification \[[@b14], [@b21]\]. Cryostat sections were fixed in ice-cold acetone for 15 min, and air-dried. Endogenous peroxidase activity was blocked by incubating the sections with 1% H~2~O~2~ for 20 min. After incubating the sections with M.O.M. mouse Ig blocking reagent using Mouse on Mouse kit (Vector Laboratories, Burlingame, CA, USA) for 60 min, the sections were incubated with mouse anti-α-SMA (Santa Cruz Biotechnology Inc.) for 30 min. Secondary antibody was diluted in mouse diluent and the sections were incubated with secondary antibody for 15 min. The signal was detected by VECTASTAIN ABC reagent following manufacturer's instruction (Vector Laboratories). The images were analysed using Image Pro Plus software 6.0 (Media Cybernetics, Silver Spring, ML, USA).

Cytokine assays
---------------

The concentrations of IL-1β, IL-2, IL-6 and TNF-α were analysed in ventricular homogenates following procedures previously described \[[@b22]\]. Dissected tissues were homogenized (Ultra Turrax T8, Tamro, Sweden) in homogenization buffer containing PBS \[10 mM sodium phosphate buffer (pH 7.3) and 0.15 M NaCl\] and Halt™ Protease Inhibitor Cocktail (Pierce, Rockford, IL, USA) following the manufacturer's instructions. The homogenized solution was centrifuged for 10 min at 18,000 rpm, and the supernatant was separated into aliquots and frozen at −80°C until analysis. The concentrations of IL-1β, IL-2, IL-6 and TNF-α were determined using Bioplex Multiplex Suspension Array System kits, according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA, USA), and subsequently analysed with Bioplex Manager 3.0 software (Bio-Rad Laboratories). The homogenization buffer was used to generate the standard curve as a background to be subtracted from the standards as well as the samples and to dilute the samples 1:2 before analysis. The protein values are expressed as picograms per mg of ventricular protein.

Trolox equivalent antioxidant capacity (TEAC) assay
---------------------------------------------------

TEAC, an indicator of total antioxidant capacity of plasma was measured following the method previously described \[[@b23]\]. The assay relies on the ability of antioxidants in the plasma to inhibit the oxidation of 2,2′-Azino-di-\[3-ethylbenzthiazoline sulphonate\] (ABTS). The antioxidants in the sample cause the suppression of the absorbance at 750 nm to a degree, which is proportional to their concentration. The capacity of antioxidants in the sample to prevent ABTS oxidation is compared with that of Trolox, a water-soluble tocopherol analogue, and is quantified as millimolar Trolox equivalents.

Determination of antioxidant activity in the ventricular tissue
---------------------------------------------------------------

Glutathione assay and superoxide dismutase (SOD) assay were performed to determine the antioxidant status of ventricular tissues. Approximately 0.1 g of tissue from each sample was used for each experiment according to the manufacturer's instructions.

The glutathione assay was performed to determine the total glutathione GSH (GSH and GS-SG) using a Glutathione Assay Kit (Cayman Chemical Co., Ann Arbor, MI, USA) following the methods previously described \[[@b24]\]. The kit uses an enzymatic recycling method using glutathione reductase to quantify glutathione (GSH). The sulfhydryl group of GSH reacts with 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB) and produces a yellow coloured 5′-thio-2-nitrobenzoic acid (TNB). The mixed disulfide GSTNB is reduced by glutathione reductase to recycle the GSH and produce more TNB. Measurement of the absorbance of TNB at 405 nm provides an accurate estimation of GSH in the ventricular tissue.

Ventricular SOD activity was measured using a Superoxide Dismutase Assay Kit (Cayman Chemical Co.) following the methods previously described \[[@b25], [@b26]\]. The superoxide radical agents formed by the interaction of xanthine oxidase with hypoxanthine were detected by tetrazolium. One unit of SOD detected is equivalent to the amount of enzyme needed to exhibit 50% dismutase of superoxide radical.

NADPH oxidase activity assay
----------------------------

NADPH-dependent ROS production was measured in ventricular homogenates using 5 (and 6)-chloromethyl-2′, 7′-dichlorodihydrofluorescein diacetate-acetyl ester (CM-H~2~DCFDA; Molecular Probes) in 100 μg protein following the procedures previously described \[[@b13], [@b27]\]. The protein and probe were added to Falcon 96-well black microplates (Becton Dickinson, Franklin Lakes, NJ, USA) in triplicate. Probe-free cell sonicate was used for blanks. Ethidium fluorescence was measured in a 1420 Wallac Victor3 multilabel counter (Perkin-Elmer Life Sciences, Cambridge, UK) using excitation and emission wavelengths of 490 and 605 nm, respectively. All measurements were performed in triplicate. Some experiments were performed in the presence of the NADPH oxidase inhibitor, diphenyleneiodonium (DPI; 10^−5^ M) and apocynin (1 mM), the xanthine oxidase inhibitor, allopurinol (1 mM), SOD (60 units/ml), the NO synthase inhibitor, L-NAME (100 μM) or mitochondrial respiration inhibitor, rotenone (1 μM) \[[@b9]\].

RNA extraction and real-time RT-PCR
-----------------------------------

Total RNA was extracted from the ventricular tissues and cultured human adult cardiomyocytes using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the previously described methods \[[@b28]\], and quantified on a NanoDrop 1000 Spectrophotometer (Thermo Scientific Inc., Wilmington, DE, USA). First strand cDNA synthesis was performed with 700 ng of total RNA using the SuperScriptII first-strand synthesis system for RT-PCR (Invitrogen). Three microlitres of first strand reaction was used for each 25 μl PCR reaction using TaqMan® Universal PCR Master Mix (Applied \*\*\*Biosystems International, Foster City, CA, USA), together with 2.5 μl of Taqman® Gene Expression Assays primers. Real-time quantitative PCR analysis was conducted to examine the gene expressions of mouse (Nox2, Nox4, ANP and GAPDH) and human (Nox2, Nox4, IL-1β, IL-6 and GAPDH) genes using an Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems International). The assay ID and RefSeq of each gene are listed in [Table 1](#tbl1){ref-type="table"}. After an initial incubation step for 2 min at 50°C and denaturation for 10 min at 95°C, PCR was performed using 40 cycles (95°C for 15 s and 60°C for 60 s). Equal amounts of input RNA were used for all RT-PCR reactions, reactions were performed in duplicate, and GAPDH was used as an internal control. Total RNA with no reverse transcription (-RT) was used as a negative control. Differential gene expression analysis was calculated using the Comparative (ΔΔCT) method, as described previously \[[@b28]\].

###### 

Gene symbol, assay ID and RefSeq for RT-PCR

          **Gene Symbol**   **Assay ID**    **RefSeq**
  ------- ----------------- --------------- -------------
  Mouse   Nox2              Mm00627011_m1   NM_007807.4
          Nox4              Mm00479246_m1   NM_015760.4
          ANP               Mm01255747_g1   NM_008725.2
          GAPDH             Mm03302249_g1   NM_008084.2
  Human   Nox2              Hs00166163_m1   NM_000397.3
          Nox4              Hs00418356_m1   NM_016931.3
          IL-1β             Hs00174097_m1   NM_000576.2
          IL-6              Hs00174131_m1   NM_000600.2
          GAPDH             Hs99999905_m1   NM_002046.3

Immunoblotting
--------------

Ventricular homogenates were prepared and the concentration of protein was quantified with a NanoDrop 1000 Spectrophotometer. For immunoblotting, the same amount of protein was loaded in each lane of the SDS-PAGE gels and afterwards transferred to polyvinylidenefluoride (PVDF) membranes. Mouse Nox2, Nox4 and ANP proteins were examined using purified anti-gp91phox (BD Biosciences, San Diego, CA, USA), anti-Nox4 antibody (Novus Biologicals, Littleton, CO, USA) and anti-ANP (Santa Cruz Biotechnology Inc.), following the procedures previously described \[[@b9]\]. After incubation with HRP-conjugated secondary antibody, proteins were detected by SuperSignal® West Pico Chemiluminescent Substrate (Pierce). Each membrane was re-probed with anti-GAPDH (Santa Cruz Biotechnology Inc.) after removing with Restore™ Western Blot Stripping Buffer (Pierce). The signals were analysed using AlphaEase® FC software and FluorChem HD2 (Alpha Innotech Corp., San Leandro, CA, USA).

Statistical analysis
--------------------

All data are expressed as the mean ± S.D. or S.E. In experiments in which more than two groups are compared each other with ANOVA, followed by Fischer's least significance *post hoc* test or Student's unpaired t-tests. Differences were considered significant when *P* values were \<0.05.

Results
=======

Increased oxidative stress in ventricular tissue of TNF-α-treated mice is mediated by NADPH oxidase
---------------------------------------------------------------------------------------------------

To detect ROS in the *ex vivo* ventricular tissues of TNF-α-injected and control mice, DHE staining was performed. No significant difference in fluorescent intensity was observed among day-1 TNF-α-injected and control mice ([Fig. 1A and B](#fig01){ref-type="fig"}). However, the fluorescent intensities of mice injected with TNF-α 7 and 28 days previously were significantly higher than control mice. Mitochondrial ROS in the *ex vivo* ventricular tissues of TNF-α-injected and control mice showed slight fluorescence intensity ([Fig. 1C](#fig01){ref-type="fig"}). However, there was no significant difference between TNF-α injected and control mice at all three time points ([Fig. 1D](#fig01){ref-type="fig"}). The ROS in the ventricular homogenates was assessed by CM-H~2~DCFDA fluorescence assay. Mice injected with TNF-α 7 and 28 days previously showed a significant increase in fluorescence compared to the controls, but not in the mice injected 1 day previously ([Fig. 1E](#fig01){ref-type="fig"}). The enzymatic sources of the ROS were examined using specific inhibitors in the fluorescence assay. ROS production was significantly reduced with SOD and abolished by NADPH oxidase inhibitors, DPI and apocynin. However, allopurinol, L-NAME and rotenone had no effect on TNF-α-induced ROS in the ventricles ([Fig. 1F](#fig01){ref-type="fig"}).

###### 

Increased ROS production in ventricles of TNF-α-injected mice. The ROS in the ventricular tissues were detected by incubating the cryostat sections with DHE (2 × 10^−6^ mol/L) for 30 min at 37°C. Representative of DHE staining of ventricular tissues were shown (A). Magnification = 40 × . Fluorescence intensities in the sections of TNFα-injected mice were normalized with controls. Data were expressed as arbitrary fluorescence units (AFU) ± S.D. (B). Mitochondrial ROS in the ventricular tissues were detected by incubating the sections with MitoSOX Red (5 μM) for 10 min at 37°C. Representative of MitoSOX Red staining of ventricular tissues were shown (C) and normalized fluorescence intensities were shown (D). ROS in the ventricular homogenates was determined with CM-H~2~DCFDA. The fluorescence intensities of ventricular homogenates of TNF-α-injected and control mice were shown (E). The source of ROS production in the ventricles of TNF-α-injected mice was determined using different inhibitors. NADPH oxidase inhibitors (DPI and apocynin) significantly decreased ROS (F). Data were expressed as relative light unit (RLU) ± S.D. SOD, superoxide dismutase; DPI, diphenyleneiodonium; L-NAME, N^G^-nitro-L-arginine methyl ester. Trolox equivalent antioxidant capacity (TEAC) assay was performed to detect capacity of antioxidants in the plasma and quantified as millimolar Trolox equivalent (G). Glutathione assay and superoxide dismutase assay were performed to determine the total GSH (H) and SOD levels (I) in the ventricles of TNF-α-injected and control mice respectively. \**P* \< 0.05.
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The total antioxidant capacity of plasma (TEAC) assay showed that there was no significant difference in TEAC between TNF-α injected mice and control mice at all three time points. However, a slight increase in TEAC was observed in mice injected with TNF-α 7 and 28 days previously compared to control mice ([Fig. 1G](#fig01){ref-type="fig"}). Similar finding was observed in total GSH levels in the ventricles of TNF-α-injected and control mice. Total GSH levels were slightly higher in those of TNF-α-injected mice at all three time points compared to controls ([Fig. 1H](#fig01){ref-type="fig"}). However, ventricular SOD levels show no difference among TNF-α-injected and control mice ([Fig. 1I](#fig01){ref-type="fig"}).

Nox2 and Nox4 subunits are up-regulated in the ventricles of TNF-α-treated mice
-------------------------------------------------------------------------------

Ventricular homogenates from both TNF-α-injected and control mice were used to determine Nox2 and Nox4 mRNA levels by real-time PCR and protein levels by immunoblotting. Analysis of Nox2 mRNA revealed a significant increase in mice injected with TNF-α 1 day previously (1.6-fold) compared to controls ([Fig. 2A](#fig02){ref-type="fig"}). However, no significant difference was observed between Nox2 mRNA levels of mice injected with TNF-α 7 and 28 days previously and control mice.

![Upregulation of Nox2 and Nox4 mRNA and protein in ventricles of TNF-α-injected mice. Total RNA was extracted from the ventricular tissues of TNF-α-injected and control mice and Nox2 and Nox4 mRNA levels were examined using real-time PCR. Nox2 (A) and Nox4 mRNA levels (B) were shown. Nox2 and Nox4 protein levels were determined by immunoblotting. A representative of Nox2 and Nox4 proteins were shown (C). Densitometric analysis of Nox2 (D) and Nox4 protein (E) normalized with GAPDH were shown. C, control; T, TNF-α-injected mice. \**P* \< 0.05.](jcmm0015-2601-f2){#fig02}

Analysis of Nox4 mRNA showed that it was different from the Nox2 mRNA expression profile. Nox4 mRNA levels were similar in mice injected with TNF-α 1 day previously and control mice ([Fig. 2B](#fig02){ref-type="fig"}); however, mice injected with TNF-α 7 and 28 days previously were significantly increased (3- and 1.5-fold, respectively) compared to the control mice.

Both Nox2 and Nox4 proteins were detected in all samples with the molecular weights identified in the manufacturer's protocol. Nox2 and Nox4 protein expression were similar to the mRNA profile. The Nox2 protein level of mice injected with TNF-α 1 day previously was significantly increased compared to controls ([Fig. 2C and D](#fig02){ref-type="fig"}), whereas the protein levels of mice injected with TNF-α 7 and 28 days previously and control mice showed no significant differences. However, Nox4 protein expression of mice injected with TNF-α 7 and 28 days previously was significantly increased by 100% compared to controls ([Fig. 2C and E](#fig02){ref-type="fig"}), whereas mice injected with TNF-α 1 day previously and control mice were similar.

Ventricular tissues of TNF-α-treated mice are inflamed until 28 days post-injection
-----------------------------------------------------------------------------------

We measured IL-1β, IL-2, IL-6 and TNF-α protein concentrations in ventricular tissue lysates. All four cytokines in mice injected with TNF-α were significantly elevated compared to controls until 28 days post-injection ([Fig. 3](#fig03){ref-type="fig"}). IL-1β concentrations of TNF-α-injected mice were significantly elevated at 7 days post-injection compared to controls and more than 170% increased compared to TNF-α-injected mice 1 day post-injection ([Fig. 3A](#fig03){ref-type="fig"}). IL-1β remained elevated until 28 days post-injection and was significantly higher than controls. Progressive elevation of IL-2 and IL-6 concentrations were observed in mice injected with TNF-α 7 and 28 days previously, whereas TNF-α-injected mice 1 day post-injection showed the same level compared to controls ([Fig. 3B and C](#fig03){ref-type="fig"}). TNF-α protein concentrations in the ventricular tissue of TNF-α-injected mice were significantly increased at all three time points ([Fig. 3D](#fig03){ref-type="fig"}). These elevated levels of pro-inflammatory cytokines showed that ventricles of TNF-α injected mice are inflamed.

![Elevated pro-inflammatory cytokine concentrations in the ventricles of TNF-α-injected mice. The ventricular homogenates were used to determine the pro-inflammatory cytokine concentrations using Bioplex Multiplex Suspension Array System kits. The concentrations of IL-1β (A), IL-2 (B), IL-6 (C) and TNF-α (D) were shown. Data are expressed as pg/mg of ventricular protein ± S.D. \**P* \< 0.05.](jcmm0015-2601-f3){#fig03}

Ventricular tissues of TNF-α-treated mice underwent hypertrophy until 28 days post-injection
--------------------------------------------------------------------------------------------

TNF-α injection into the mice resulted in hypertrophy of cardiomyocytes 7 and 28 days post-injection. The myocyte cross-sectional area showed a significant increase in mice injected with TNF-α 7 and 28 days previously compared to controls, while there was no significant change in myocyte area between day-1 treated and control mice ([Fig. 4A](#fig04){ref-type="fig"}). The heart and body weight ratio (HW/BW) also increased in mice injected with TNF-α 7 and 28 days previously ([Fig. 4B](#fig04){ref-type="fig"}). However, the significant difference was observed only mice 28 days post-injection.

![TNF-α-induced ventricular hypertrophy. Cryostat sections were prepared and stained with haematoxylin and eosin. Each cardiomyocytes was measured and outline of 30--50 cardiomyocytes was traced in each field. The cross-sectional area was obtained in a blinded fashion with AxioVs40 V4.7 software. Mean values of cardiomyocytes cross-sectional areas of TNF-α-injected mice were normalized with those of controls. Cardiomyocyte cross-sectional area was presented as a percentage of control ± S.D. (A). Heart and body weight ratios were presented in mg/g ± S.D. (B). Total RNA was extracted from the ventricles and ANP mRNA levels were examined using real-time PCR. ANP mRNA level relative to GAPDH was shown (C). Data were expressed as fold ± SD. Ventricular homogenates were examined for ANP protein level by immunoblotting. A representative of ANP proteins was shown (D). C, control; T, TNF-α-injected mice. Densitometric analysis of ANP protein (below) was normalized with GAPDH. \**P* \< 0.05.](jcmm0015-2601-f4){#fig04}

There was a significant increase in ANP gene expression at all three time points. Mice injected with TNF-α 1, 7 and 28 days previously showed a 1.5-, 9- and 4-fold increase, respectively, compared to controls ([Fig. 4C](#fig04){ref-type="fig"}). These data were consistent with immunoblotting analysis of ANP, which revealed a significant increase in ANP protein levels in TNF-α injected mice at all three time points compared to controls ([Fig. 4D](#fig04){ref-type="fig"}). α-SMA expressions detected by immunohistochemistry showed that the expression was increased in mice injected with TNF-α 7 and 28 days previously ([Fig. 5](#fig05){ref-type="fig"}). However, the significant difference in α-SMA expression level was observed in the mice 28 days post-injection.

![Increased α-SMA expression in the ventricular tissues of TNF-α-injected mice. α-SMA expression was examined by immunohistochemistry using mouse anti-α-SMA antibody. The images were analysed using Image Pro Plus software 6.0 and the values were presented with arbitrary units ± S.D. \**P* \< 0.05.](jcmm0015-2601-f5){#fig05}

Ventricular dysfunction in TNF-α-treated mice
---------------------------------------------

Left ventricular cardiac function of all mice was evaluated *in vivo* with echocardiography (GE Vivid 7 with a linear 13 MHz probe). LVEDD was significantly increased 28 days post-injection, whereas LVESD was significantly increased in mice injected with TNF-α 7 and 28 days post-injection compared to controls ([Table 2](#tbl2){ref-type="table"}). A significant decrease in the LVEF and FS was noted in mice injected with TNF-α 7 and 28 days previously compared to controls.

###### 

Echocardiographic measurements of TNF-α-injected and control mice

                              **1d**         7d             28d                                                                           
  --------------------------- -------------- -------------- -------------- ----------------------------------------------- -------------- -----------------------------------------------
                              **Control**    **TNF-α**      **Control**    **TNF-α**                                       **Control**    **TNF-α**
  LVEDD (mm)                  4.39 ± 0.08    4.32 ± 0.07    4.45 ± 0.04    4.34 ± 0.03                                     4.33 ± 0.05    4.59 ± 0.06[\*](#tf2-1){ref-type="table-fn"}
  LVESD (mm)                  2.85 ± 0.05    2.62 ± 0.05    2.65 ± 0.02    2.83 ± 0.04[\*](#tf2-1){ref-type="table-fn"}    2.70 ± 0.03    3.10 ± 0.09[\*](#tf2-1){ref-type="table-fn"}
  Ejection fraction (%)       57.66 ± 2.37   63.11 ± 0.77   64.57 ± 0.61   57.55 ± 0.81[\*](#tf2-1){ref-type="table-fn"}   61.01 ± 0.66   54.34 ± 2.03[\*](#tf2-1){ref-type="table-fn"}
  Fractional shortening (%)   34.94 ± 1.81   39.28 ± 0.64   40.49 ± 0.61   34.86 ± 0.62[\*](#tf2-1){ref-type="table-fn"}   37.56 ± 0.53   32.49 ± 1.48[\*](#tf2-1){ref-type="table-fn"}

LVEDD, left ventricle end diastolic diameter; LVESD, left ventricle end systolic diameter. Values are mean ± S.E.

*P* \< 0.05 *versus* control group.

TNF-α-induced IL-1β and IL-6 upregulation, and ROS production in adult human cardiomyotes is mediated by Nox2 and Nox4
----------------------------------------------------------------------------------------------------------------------

Nox2 siRNA and Nox4 siRNA significantly decreased Nox2 and Nox4 mRNA levels by 45% and 80%, respectively, in adult human cardiomyocytes ([Fig. 6A and B](#fig06){ref-type="fig"}). However, Nox2 and Nox4 siRNA showed no changes in Nox4 and Nox2 mRNA, respectively (data not shown). The role of Nox2 and Nox4 in TNF-α-induced pro-inflammatory cytokine IL-1β and IL-6 expression, and ROS production was determined after knocking down Nox2 and Nox4. Nox2 siRNA significantly decreased TNF-α-induced upregulation of IL-1β by 50% and IL-6 by 25% ([Fig. 6C and D](#fig06){ref-type="fig"}). Nox4 siRNA also significantly decreased TNF-α-induced upregulation of IL-1β by 45% and IL-6 by 30%. Nox2 and Nox4 siRNA had no effect on IL-1β and IL-6 expression without TNF-α treatment. Control siRNA had no effect on TNF-α-induced upregulation of IL-1β and IL-6 (data not shown). Finally, Nox2 and Nox4 siRNA significantly decreased TNF-α-induced ROS production by 40% and 50%, respectively ([Fig. 6E](#fig06){ref-type="fig"}).

![Nox2 and Nox4 mediate TNF-α-induced upregulation of IL-1β and IL-6 genes and ROS production. Human adult cardiomyocytes were transfected with Nox2 and Nox4 siRNA using siPORT Amine transfection reagents. Total RNA was extracted from human adult cardiomyocytes 24 hrs after transfection. Human Nox2 and Nox4 mRNA levels were examined using real-time PCR. Nox2 (A) and Nox4 (B) mRNA levels after siRNA treatment were shown. In the other experiments, cells were treated with TNF-α (20 ng/ml) for 6 hrs at 37°C after treatment with Nox2 and Nox4 siRNA. IL-1β (C) and IL-6 mRNA (D) levels were examined with real-time PCR. TNF-α-induced ROS production in human adult cardiomyocytes was determined with CM-H~2~DCFDA following Nox2 and Nox4 siRNA treatment (E). Data were expressed as relative light unit (RLU) ± S.D. \**P* \< 0.05 *versus* control values. ^\#^*P* \< 0.05 *versus* TNF-α treatment values.](jcmm0015-2601-f6){#fig06}

Discussion
==========

The major finding of this study was that the pro-inflammatory cytokine TNF-α-induced ventricular remodelling in mice up to 4 weeks after receiving a single dose, and this effect appeared to be regulated by NADPH oxidase-mediated ROS and upregulation of Nox2 and Nox4 subunits. Furthermore, Nox2 and Nox4 appeared to sequentially regulate the development of ventricular remodelling in mice (Nox2 for the short-term and Nox4 for the long-term development of ventricular remodelling). Another significant finding was TNF-α-induced elevation of other pro-inflammatory cytokines (IL-1β, IL-2 and IL-6) and TNF-α in the ventricles. Moreover, we confirmed that TNF-α-induced ROS production and upregulation of IL-1β and IL-6 in human adult cardiomyocytes was mediated by the NADPH oxidase subunits Nox2 and Nox4.

Our findings are consistent with and extend published reports. Sun *et al*. \[[@b29]\] reported that excessive activation of TNF-α in the myocardium contributed to the development of chronic left ventricular dysfunction by inducing a local inflammatory response. Levine *et al*. \[[@b30]\] demonstrated elevated levels of TNF-α in patients with left ventricular dysfunction in the absence of clinical symptoms of heart failure, as well as patients with end-stage heart failure. Interestingly, Bozkurt *et al*. \[[@b5]\] reported that continuous infusion of recombinant human TNF-α into adult Sprague--Dawley rats led to time-dependent depression in left ventricular function, cardiac myocyte shortening and left ventricular dilatation that were reversible by removal of the TNF-α infusion pump. However, the authors cautioned that formation of rat autoantibodies against human TNF-α could be responsible for the reversal of cardiac remodelling. Contrary to their finding, administration of murine TNF-α could induce chronic ventricular remodelling in mice in this study. This discrepancy in the findings may arise from the use of a specific ligand to bind its receptor, which led to greater intermolecular force and affinity \[[@b31]\]. In addition, arterial dilatation and venular constriction in the retina as well as proliferation of smooth muscle cells in the abdominal aorta were observed in these mice (data not shown). This suggested that elevated levels of TNF-α triggered intracellular signalling cascades that led to inflammatory changes in the vessels.

TNF-α has been reported to have a biphasic (immediate and delayed) nature of myocardial depression \[[@b32]\]. The early phase of TNF-α-induced myocardial depression occurs within minutes after TNF-α administration due to sphingosine production in the myocardium that leads to myocardial dysfunction and calcium dyshomeostasis in cardiomyocytes \[[@b33]\]. The delayed phase of TNF-α-induced functional depression occurs several hours after TNF-α administration, and is dependent upon expression of inducible nitric oxide synthase and an increase in the levels of nitric oxide, which leads to sustained contractile dysfunction \[[@b32], [@b34]\]. In this study, we reported a novel finding of TNF-α-induced chronic myocardial dysfunction in mice that was characterized by ventricular dysfunctional changes on echocardiography in the presence of a slightly elevated antioxidant capacity in the plasma and total GSH levels in the ventricles. The molecular mechanism of TNF-α-induced chronic inflammation needs to be elucidated, but other published work and our unpublished observations suggest that pericardial and perivascular adipose tissue act as endocrine organs and sources of chronic inflammation \[[@b35], [@b36]\].

Increasing evidence has shown that ROS induced by different stimuli are a cause of cardiac dysfunction and that NADPH oxidase plays a major part in ROS production \[[@b37]\]. This study demonstrated that an increase in the level of ROS in the ventricles was mediated by NADPH oxidase, but not by NOS, xanthine oxidase or mitochondrial respiration. Recently, Looi *et al*. \[[@b20]\] reported that the activity of NADPH oxidase was similar in a post-myocardial infarction cardiac remodelling model of wild-type and Nox2^−/−^ mice, and suggested that the Nox 4 isoform could have a distinct role in the process. Moreover, another study confirmed that increased Nox4 at the mRNA and protein levels in the ventricles could compensate for Nox2 to increase the activity of NADPH oxidase in pressure-overload wild-type and Nox2^−/−^ mice \[[@b13]\]. This study revealed that Nox2 and Nox4 had a crucial role by sequentially regulating TNF-α-induced ventricular remodelling in mice.

This study also showed that levels of IL-1β and IL-6 increased \>100% from 1-day post-injection levels and were significantly higher than those in control mice. One study reported that elevated levels of TNF-α in infarcted myocardium contributed to acute myocardial rupture and chronic left ventricular dysfunction by inducing an excessive local inflammatory response \[[@b29]\]. Similarly, another study reported that an increase in the cardiac level of TNF-α after aortic banding for 2 weeks could be the source of an increase in pro-inflammatory cytokines, including IL-6, MCP-1 and MIP-1γ, in the ventricles of mice \[[@b18]\]. Moreover, TNF-α was reported to stimulate macrophages and other cell types to produce other pro-inflammatory cytokines, including IL-1, IL-6, IL-8 and TNF-α\[[@b38]\]. However, the molecular mechanism mediating generation of cytokines in the ventricles until 4 weeks after TNF-α treatment needs to be elucidated. It is possible that stressed myocardium, as indicated by increased ANP in our study, as well as skeletal muscle that was hypoperfused because of reduced cardiac output, could activate monocytes to produce cytokines which further lead to myocardial dysfunction \[[@b39]\]. The other possibility is that the heart acts as an endocrine organ and releases these cytokines \[[@b40]\]. This study convincingly showed that TNF-α-induced upregulation of IL-1β and IL-6 in human adult cardiomyocytes is mediated by Nox2 and Nox4, suggesting that NADPH oxidase has a crucial role in a cytokine-induced mechanism.

Our *in vitro* siRNA gene knockdown studies revealed that TNF-α-induced ROS production and upregulation of IL-1β and IL-6 in human adult cardiomyocytes are mediated by Nox2 and Nox4. We previously reported that TNF-α-induced ROS in human aortic smooth muscle cells was mediated by NADPH oxidase, specifically by Nox4, but not Nox2 \[[@b9]\]. Another report showed that TNF-α-induced activation of the transcription factors nuclear factor-kappa B (NF-κB) and stress-activated protein kinase/c-Jun N-terminal kinase led to the expression of several genes, including IL-1β, IL-6, platelet-derived growth factor, TGF-β and several other eicosanoids and hormones \[[@b41], [@b42]\]. A recent study reported that NADPH oxidases activate NF-κB, and suggested a potential role of NADPH oxidases in aging \[[@b43]\]. This study and unpublished work suggest that TNF-α-induced upregulation of IL-β and IL-6 *via* the NF-κB pathway is mediated by NADPH oxidase, inducing Nox2 and Nox4 subunits. However, one limitation of this study was that the *in vitro* studies could not simulate our *in vivo* findings because mimicking chronic inflammation in cell culture studies was not possible.

In summary, we described TNF-α-induced chronic ventricular remodelling in mice, characterized by ventricular inflammation, hypertrophied cardiomyocytes, ventricular dysfunction, and these effects were mediated by the sequential upregulation of Nox2 and Nox4. We also showed that NADPH oxidase plays a crucial role in TNF-α-induced ROS increase in this model. Finally, we identified a novel mechanism in which Nox2 and Nox4 mediate TNF-α-induced ROS, as well as upregulation of IL-1β and IL-6, in human adult cardiomyocytes.
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